Nucleolar localization of vertebrate box C/D snoRNA involves transit through Cajal bodies, but the signi®-cance of this event is unkown. To de®ne better the function of this compartment, we analyzed here the maturation pathway of mammalian U3. We show that 3¢-extended U3 precursors possess a mono-methylated cap, and are not associated with ®brillarin and hNop58. Importantly, these precursors are detected at both their transcription sites and in Cajal bodies. In addition, mature U3, the core box C/D proteins and the human homolog of the methyltransferase responsible for U3 cap tri-methylation, hTgs1, are all present in Cajal bodies. In yeast, U3 follows a similar maturation pathway, and equivalent 3¢-extended precursors are enriched in the nucleolus and in the nucleolar body, a nucleolar domain that concentrates Tgs1p under certain growth conditions. Thus, spatial organization of U3 maturation appears to be conserved across evolution, and involves specialized and related nuclear compartments, the nucleolus/nucleolar body in yeast and Cajal bodies in higher eukaryotes. These are likely places for snoRNP assembly, 3¢ end maturation and cap modi®cation.
Introduction
Maturation of most types of RNA requires many complex biochemical reactions, which often occur in an ordered manner that can be described as a processing pathway. RNA maturation can also be associated with a series of speci®c localizations taken by the RNA, and there are now many examples of RNA targeting pathways occurring in multiple steps, in particular for stable ribonucleoproteins (RNPs). Yeast tRNA, signal recognition particle (SRP), telomerase RNA, vertebrate RNase P and U6 snRNA all transiently localize to the nucleolus (for reviews see Pederson, 1998; Scheer and Hock, 1999; Olson et al., 2000) . These transient localizations are likely to re¯ect the place where speci®c biochemical reactions take place, but direct evidence for this is often lacking. In the case of vertebrate snRNA, however, it has been shown that they travel through the cytoplasm and the Cajal bodies, and that ®nal 3¢ end trimming, Sm protein assembly and cap trimethylation occur in the cytoplasm (for a review see Will and Lu Èhrmann, 2001 ). Other types of RNA such as mRNA and rRNA are believed to have a simpler localization pathway, consisting of a single step leading from the transcription site to the nuclear pores and to the cytoplasm, with most of the RNA maturation steps occuring at or near the RNA transcription sites (Bataille et al., 1990; Woolford, 1991; Zhang et al., 1994) . Nevertheless, in the case of rRNA, it is established that maturation follows a complex pathway which is tightly linked to the structural organization of the nucleolus, and that maturation proceeds while the RNA moves from one nucleolar subdomain to another (Thiry et al., 2000 and references therein) .
The link between RNA localization and maturation is thought to be particularly important in the nucleus. However, the function of a number of nuclear compartments is still unknown, and this is particularly true for Cajal bodies, which have attracted much attention during the past decade (for reviews see Matera, 1999; Gall, 2000) . This structure is present in many organisms, including vertebrates, plants and possibly Drosophila and Caenorhabditis elegans. Cajal bodies are biochemically and spatially linked to nucleoli, sharing many components and often being localized in proximity to or even within nucleoli (Ramo Ân y Cajal, 1903; Ochs et al., 1994; Bohmann et al., 1995) . Cajal bodies also contain some speci®c markers, such as RNA polymerase II holoenzyme, coilin, survival of motor neuron (SMN) protein, snRNA and their associated proteins (for reviews see Matera, 1999; Gall, 2000) . In addition, snRNA genes often localize next to Cajal bodies. They have thus been proposed to play various roles in small RNA metabolism and function, but none has been demonstrated yet. Cajal bodies could be involved in snRNA storage and negative transcriptional feedback, snRNA base modi®cation or recycling of snRNP following splicing.
Cajal bodies are also likely to be involved in some aspects of snoRNA metabolism. Box C/D snoRNAs pass through Cajal bodies while en route to the nucleolus (Narayanan et al., 1999) , and snoRNA genes are also associated with these structures (Gao et al., 1997) . Unlike snRNA, snoRNA can be synthesized via several pathways, depending on the structural organization of the gene: intronic, multi-or mono-cistronic (Filipowicz et al., 1999; Weinstein and Steitz, 1999; Fatica et al., 2000; Villa et al., 2000; Kiss, 2001) . Localization in Cajal bodies is, however, likely to re¯ect a step common to all pathways, since the box C/D motif is suf®cient to confer this property .
Mammalian and yeast U3 snoRNPs are matured in speci®c and related nuclear compartments The EMBO Journal Vol. 21 No. 11 pp. 2736±2745, 2002 The processing of U3 snoRNA has recently been analyzed in detail in yeast (Kufel et al., 2000) . In this work, we have examined the spatial distribution of snoRNA biosynthesis in both yeast and mammalian cells. Our data indicate that in both systems, several steps such as assembly with core snoRNP proteins, 3¢ end maturation and cap hypermethylation probably occur in speci®c nuclear compartments: Cajal bodies in vertebrates, and a specialized nucleolar compartment in yeast.
Results
Tgs1p concentrates in the nucleolar body, a speci®c subregion of the yeast nucleolus Recently, we have shown that Tgs1p is a conserved RNA methyltransferase that is required to convert the monomethyl cap (m 7 G) of snRNA and snoRNA into the trimethyl cap (m 3 G) of the mature forms (Mouaikel et al., 2002) . When yeast cells were grown in liquid media, a Tgs1±green¯uorescent protein (GFP) fusion expressed from the basal activity of the Met25 promoter was localized in the nucleolus (Mouaikel et al., 2002) . Interestingly, in a few cells, Tgs1±GFP appeared highly concentrated in a small region of the nucleolus. This prompted us to analyze its localization under a variety of conditions. Tgs1±GFP was ®rst cloned under its natural promoter, and its localization was observed in living cells. While the protein was always nucleolar, we observed that when cells were grown on solid medium, many of them had the Tgs1±GFP fusion protein concentrated in a dot within the nucleolus (~25% of the cells; see Figure 1 ). This was not simply a result of con¯uent growth, because saturating liquid cultures did not show this phenotype and had a signal distributed throughout the nucleolus (data not shown). To con®rm these observations, we performed several double label experiments: the nucleolus was visualized either by Nop1p staining following ®xation, or directly in living cells by co-expressing a fusion between the DsRed2¯uorescent protein and Snu13p. The Snu13±DsRed2 fusion protein localized correctly to the nucleolus, as shown by co-localization with a Gar1p±GFP marker (Trumtel et al., 2000; Figure 1A, panel b) . Again, when cells were grown on solid media, two patterns of localization were observed. In some cells, Tgs1±GFP was distributed throughout the nucleolus, and co-localized with either Nop1p or Snu13±DsRed2 ( Figure 1A, panel a) . In others, Tgs1±GFP was concentrated in a dot-like structure ( Figure 1A , panel c, and B). This dot was within the nucleolar territory but, surprisingly, contained little if any Nop1p or Snu13±DsRed2. This suggested that Tgs1±GFP was accumulating in a nucleolar compartment not involved in ribosome biogenesis.
Recently, we have shown that overexpression of a box C/D snoRNA prevented its normal nucleolar localization, and resulted in its accumulation in a subnucleolar domain that we termed the nucleolar body . The nucleolar body was a potential intermediate in the localization pathway of snoRNAs, and, because some of them are substrates for Tgs1p (Mouaikel et al., 2002) , we tested whether the nucleolar body and the Tgs1p-enriched nucleolar domain were the same. Yeast cells expressing the Tgs1±GFP protein and overexpressing U14/MS2x2, an arti®cial box C/D snoRNA , were grown in solid medium. In situ hybridization experiments indicated that the Tgs1±GFP fusion co-localized with the U14/MS2x2 arti®cial snoRNA, demonstrating that the two domains were identical ( Figure 1C ). We will thus hereafter refer to the Tgs1p-enriched domain of the nucleolus as the nucleolar body. Importantly, this result con®rms that the nucleolar body is present in wild-type yeast cells , and establishes Tgs1p as the ®rst nucleolar bodyspeci®c marker.
Unassembled yeast U3 precursors accumulate in the nucleolus and the nucleolar body To determine whether Tgs1p catalyzes cap hypermethylation in the nucleolar body, or whether this is merely a storage place for the enzyme, we analyzed in detail the localization of one of its substrates, U3. In yeast, U3 maturation has recently been shown to follow a highly ordered pathway (Kufel et al., 2000;  Figure 2A ). The primary transcript is ®rst cleaved~600 nucleotides downstream of the mature 3¢ end (+600) before being U3 maturation in Cajal bodies and yeast nucleoli digested by the yeast homolog of Escherichia coli RNase III (Rnt1p) at positions +21 and +58. These 3¢-extended precursors are trimmed further to nucleotides +12 and +18, and stabilized against degradation by the binding of the yeast homolog of La (Lhp1p). U3 precursors are then spliced, to give rise to the most abundant precursor species, denoted U3-I and U3-II. These species have a m 7 G cap, and are not bound by the core box C/D snoRNP proteins, Nop1p, Nop56p and Nop58p. The ®nal 3¢ end processing and hypermethylation of the cap by Tgs1p are thought to be dependent on snoRNP assembly (Kufel et al., 2000; Mouaikel et al., 2002) .
We made three¯uorescent oligonucleotide probes against speci®c U3 species ( Figure 2A ): (i) the U3-intron probe binds within the intron, and is thus speci®c for the ®rst part of the U3 maturation pathway; (ii) the U3-3¢ extension probe is complementary to the 12±18 nucleotide 3¢ extensions, and thus also labels U3-I and U3-II; and (iii) the U3-mature probe base-pairs at the exon±exon junction, and should bind the mature U3, in addition to U3-I and U3-II. We ®rst attempted to localize U3 precursors in cells grown in liquid cultures. In wild-type cells, we failed to detect any signal, most probably because of the low abundance of these species. We thus used a yeast strain that was transformed with a plasmid present in multiple copies per cell (2 mm) and expressing a wild-type U3 gene. In this case, we detected U3-I and U3-II, but not the unspliced U3 precursors. However, those became detectable in an RRP6 deletion mutant, which slows down exosome activity and RNA degradation. There was a striking progression in localization, while going through the U3 maturation pathway ( Figure 2B ). The earliest precursors, detected with the intronic probe, were mostly visible in the nucleoplasm. In contrast, the probe complementary to the 3¢ extensions, which also labeled U3-I and U3-II, was detected in both the nucleoplasm and the nucleolus ( Figure 2B, panel b) . Finally, the exon±exon probe gave a signal primarily nucleolar, as expected from its ability to bind the mature U3. Altogether, these results showed that U3-I and U3-II, which have an m 7 G cap structure and which are not assembled with the core snoRNP proteins, were present in both the nucleoplasm and the nucleolus, while earlier precursor species were restricted to the nucleoplasm.
Because overexpression with multicopy plasmids may result in artifactual localization, we attempted to con®rm these results with altered U3 genes expressed at physiological levels. We focused on a minimal version of U3 that was developed previously, U3del . While fully functional, this U3 variant gives rise to high levels of U3del-I and U3del-II precursors, about a tenth of the levels of the mature molecules. U3del was expressed from a low copy plasmid (ARS/CEN), and the localization of the U3del RNAs was determined by in situ hybridization ( Figure 2C ). As expected, the intronic probe did not reveal any signal, while the U3-mature probe labeled the nucleolus (data not shown). We could also obtain a distinct signal with the U3-3¢ extension probe, which can detect U3del-I and U3del-II. Importantly, the signal was present both in the nucleoplasm and in the nucleolus, a result previously obtained with the overexpressed U3 gene. In addition, in some cells, the signal was also slightly enriched in the nucleolus ( Figure 2C ).
To determine whether U3del-I and U3del-II accumulated in the nucleolar body, we repeated the experiment above but with cells grown on solid medium and expressing the Tgs1±GFP fusion protein ( Figure 2D ). As before, the U3-3¢ extension probe labeled both the nucleoplasm and the nucleolus but, in some cells that had Tgs1±GFP concentrated in the nucleolar body, the U3del precursors were also detected primarily in this structure. This was in sharp contrast to the results obtained with the U3-mature probe, which resulted in a nucleolar signal mostly excluded from the nucleolar body. Thus, U3del-I and U3del-II were enriched speci®cally in the nucleolar body.
It was shown previously that U3-I and U3-II are not bound by the core snoRNP proteins Nop1p, Nop56p and Nop58p (Kufel et al., 2000) . To determine if U3del followed a similar maturation pathway, we determined whether Nop58p was bound or not to U3del-I and U3del-II. The centromeric U3del plasmid was transformed in strains expressing ZZ-tagged versions of Nop58p. Following immunoprecipitation with IgG±Sepharose beads, the bound RNA was puri®ed and analyzed by northern blot with a U3 probe ( Figure 3A ). As expected, both mature U3 and U3del were co-precipitated with ZZ-Nop58p. In sharp contrast, the precursors U3del-I and U3del-II were not pelleted. Thus, U3del is likely to follow a maturation pathway similar to that of wild-type U3.
3 ¢-extended precursors of mammalian U3 are bound by the 15.5 kDa protein, but not by ®brillarin or hNop58 Whereas the vertebrate U3 maturation pathway is not known in detail, it is likely to occur in at least two steps, with the formation of 3¢-extended species similar to yeast U3-I and U3-II (Stroke and Weiner, 1985) . In order to analyze the mammalian U3 processing pathway, we cloned the rat U3B.7 gene variant, which gives rise to precursors bearing 8 and 15 nucleotide extensions (Stroke and Weiner, 1985) . HeLa cells were transiently transfected (c) cells were transfected with the rU3B.7 gene alone or together with the indicated construct, and the RNA was co-immunoprecipitated with the relevant antibody and analyzed by RNase protection assays. I, input; S, supernatant; P, pellet (®ve times the input). Non-transfected cells (NT) showed no signal, while a U3 gene lacking box C¢ (U3DC¢) allowed identi®cation of both U3 precursors, denoted U3-I and U3-II, and mature U3. For (b) and (c), P+ corresponds to the pellet lane after longer exposure of the gel.
U3 maturation in Cajal bodies and yeast nucleoli with rU3B.7, and the resulting RNAs were analyzed by RNase protection assay with a probe that covers the 3¢ end of U3 (transcribed nucleotides +98 to +236). Control cells showed no signal, while several forms of U3 were observed with transfected cells ( Figure 3B ). The shorter RNA species was the most abundant, and corresponded to the size of mature U3. Two 10±15 nucleotide longer transcripts were also detected, which could correspond to the 3¢-extended precursors described previously. In addition, a very long form covered most of the probe, and was likely to be the primary transcript. To identify unambiguously the bands corresponding to the mature and precursor forms of U3, we used a variant that had an inactivated box C, and that does not support snoRNA maturation (Caffarelli et al., 1996; . With this mutant, only the shorter, abundant form of U3 disappeared, con®rming that this band corresponded to the mature RNA ( Figure 3B ).
To determine which proteins are bound to the precursor forms of U3, we co-transfected the rU3B.7 gene with several tagged protein genes, the 15.5 kDa protein (the homolog of Snu13p), ®brillarin, hNop56 and hNop58. The fusion proteins were then immunoprecipitated with antibodies speci®c for their tag, and the bound RNA analyzed by RNase protection. Transfection with rU3B.7 alone did not allow co-immunoprecipitation of any U3 RNA. In contrast, co-transfection with the myc-tagged 15.5 kDa protein allowed immunoprecipitation of both the mature and the precursor forms of U3, with a similar ef®ciency ( Figure 3B, panel a) . Fibrillarin and hNop58 were tagged with GFP, and the fusion proteins allowed ef®cient precipitation of the mature form of U3, but the 3¢-extended precursors were not detectable in the pellet, even after long exposure ( Figure 3B , panels b and c). We tested in a similar way GFP-and protein A-tagged versions of hNop56, but the ef®ciency of immunoprecipitation was low, and we could not determine unambiguously whether the U3 precursors were bound or not by hNop56. In any case, these results show that 3¢-extended U3 precursors are not associated with ®brillarin and hNop58, two proteins of the mature snoRNP.
3 ¢-extended precursors of mammalian U3 are present at their transcription sites and in Cajal bodies The fact that box C/D snoRNAs travel through Cajal bodies on their way to nucleoli (Narayanan et al., 1999) prompted us to determine the localization of the mature and 3¢-extended forms of mammalian U3 ( Figure 4A ). In HeLa cells transiently transfected with the rU3B.7 gene, the probe speci®c for the 3¢ extension did not label the nucleolus, but revealed some bright focus in the nucleoplasm, as well as a faint and diffuse signal that was often connected to a bright focus. Double labeling with antibodies against coilin showed that the latter bright foci were often localized next to a Cajal body, and that the diffuse signal was within Cajal bodies. U3 genes have been reported to associate with Cajal bodies (Gao et al., 1997) and, indeed, double labeling of the U3 precursors with a probe binding to the non-transcribed portion of the transfected plasmid con®rmed that the bright foci were the snoRNA transcription sites ( Figure 4A, panel  b) . While the plasmids were often detected next to a Cajal body, no plasmid was, however, detected within them (data not shown).
In contrast to the bright foci, the diffuse and faint signal revealed by the probe speci®c for the precursor was within Cajal bodies ( Figure 4A ). Within a cell, all the Cajal bodies were not labeled equally, possibly because of the variable proximity of actively transcribed U3 genes (Frey et al., 1999) . To rule out the possibility that this diffuse signal resulted from out of focus light originating from a bright focus located above or below the Cajal body, threedimensional image restoration was performed, and yielded similar results ( Figure 4A, panel a) . In addition, a diffuse signal in Cajal bodies not connected to bright foci was also observed (data not shown).
The probe that recognized the mature U3 revealed a strikingly different signal, and labeled essentially the nucleolus and the Cajal bodies, as expected (JimenezGarcia et al, 1994; Figure 4A, panel c) . The signal in Cajal bodies was much brighter than the one obtained with the precursor probe, suggesting that it corresponded to mature molecules, and not to precursors. Altogether, this demonstrated that U3 precursors were localized at their transcription sites and in Cajal bodies, but not in nucleoli. In contrast, mature U3 is present in both Cajal bodies and nucleoli.
Cajal bodies contain ®brillarin (Raska et al., 1990; Gerbi and Borovjagin, 1997) , but it was not determined previously whether they also contain the other box C/D snoRNA proteins. The GFP-tagged proteins described above were thus co-localized with coilin by immunouorescence. The 15.5 kDa protein, hNop56 and hNop58 localized similarly to ®brillarin: they were highly enriched in the nucleolus but also present in Cajal bodies ( Figure 4B) .
Altogether, these results show that Cajal bodies contained mature U3 snoRNA, the complete set of snoRNP proteins and U3 precursors not assembled with the complete set of snoRNP proteins. This suggests that these organelles are most likely to be the assembly sites of U3 snoRNP.
The cap of mammalian U3 apparently is hypermethylated in Cajal bodies
In yeast, cap hypermethylation is one of the latest steps in the biogenesis of U3. It requires prior binding of Nop58p and/or Nop56p, ensuring that only the mature snoRNP is hypermethylated (Kufel et al., 2000; Mouaikel et al., 2002) . Since we detected 3¢-extended U3 precursors, mature U3, hNop56 and hNop58 in Cajal bodies of human cells, we decided to test whether the cap modi®cation of U3 occurred in this organelle. We ®rst analyzed the methylation status of U3 precursors. RNA puri®ed from HeLa cells transiently transfected with rU3B.7 were immunoprecipitated with both monoclonal antibody (mAb) K121, which recognizes only m 3 G caps, and mAb H20, which recognizes both m 7 G and m 3 G cap structures (Mouaikel et al., 2002 and references therein) . As shown in Figure 5A , mAb K121 precipitated only the mature form of U3, while mAb H20 precipitated both the mature and the 3¢-extended forms. Thus, similarly to the yeast situation, 3¢-extended forms of mammalian U3 possess a m 7 G cap structure, while the mature form contains an m 3 G cap. Since both forms are present in Cajal bodies, this is a likely place for such modi®cation.
If this was indeed the case, the enzyme responsible for cap hypermethylation should also be found in Cajal bodies. We thus investigated the localization of the human homolog of Tgs1, hTgs1, also known as PIMT (Zhu et al., 2001) . By transient transfection of Cos cells with a replicative plasmid containing a GFP-tagged cDNA, it was shown previously that hTgs1±GFP is present in the nucleus in ill-de®ned structures (Zhu et al., 2001) . To de®ne these structures better, we raised two peptide antibodies against the human protein, and examined its intracellular localization by immuno¯uorescence in HeLa cells ( Figure 5B ). While pre-immune serum did not reveal any signal, both immune sera revealed a similar pattern. As expected from its predicted role in snRNA cap modi®cation (Mattaj, 1986; Plessel et al., 1994) , some signal was detected in the cytoplasm and this will be described in more detail elsewhere. In addition, the two antibodies labeled several bright spots in the nucleus, and double labeling with ®brillarin antibodies demonstrated that these were Cajal bodies ( Figure 5B ). To con®rm this localization further, an hTgs1±GFP fusion was transiently expressed in HeLa cells, and we observed that it localized speci®cally in Cajal bodies (data not shown). Altogether, these results strongly suggested that Cajal bodies are the place where U3 cap tri-methylation takes place.
Discussion
In Xenopus oocytes, it has been observed that U3 transiently localizes to Cajal bodies before being targeted to nucleoli (Narayanan et al., 1999) . However, the signi®cance of this localization was not known. In this work, we obtained evidence that this temporal localization pattern re¯ects the maturation pathway of U3. In vertebrates snoRNP assembly, 3¢ end formation and cap trimethylation are likely to occur in Cajal bodies. In yeast, these steps probably take place in the nucleolus or in a nucleolar domain showing similarities to Cajal bodies, the nucleolar body. Thus, the spatial organization of snoRNA maturation appears to have been conserved during evolution.
A relationship between the yeast nucleolar body and Cajal bodies By overexpressing an arti®cial snoRNA in yeast, we previously uncovered a novel nucleolar domain that we called the nucleolar body. Based on the speci®c localization of human SMN protein in this domain, we hypothesized that the nucleolar body was related to Cajal bodies, and that it was involved in snoRNA maturation Figure 3B. (B) hTgs1 is localized in Cajal bodies. HeLa cells were stained by immuno¯uorescence with anti-hTgs1 (left) and anti-®brillarin antibodies (middle). DNA is stained with DAPI (right). Cajal bodies are indicated by arrows. In this image, hTgs1 is not detected in the cytoplasm. Indeed, optimal detection in the cytoplasm required permeabilization conditions different from those used to detect it in the nucleus. Each ®eld is 30 Q 36 mm.
U3 maturation in Cajal bodies and yeast nucleoli . Data presented herein strengthen this view. First, we show that a Tgs1±GFP fusion protein expressed at its normal levels localizes to the nucleolar body. As shown in Figure 1 , this is also the case in wild-type yeast that do not overexpress any snoRNA, demonstrating that the nucleolar body indeed exists in physiological conditions. Secondly, the human homolog of Tgs1 is localized in Cajal bodies, and thus reinforces the link between the nucleolar body and mammalian Cajal bodies. Thirdly, both the nucleolar body and Cajal bodies contain U3 precursors, suggesting that these compartments are directly involved in snoRNP biogenesis (see below).
It is remarkable that the yeast nucleolar body becomes visible only under particular conditions, i.e. growth on solid media. In higher eukaryotes, Cajal bodies are known to be highly dynamic structures that can vary greatly in size and number (Platani et al., 2000) . Noticeably, some cells even lack detectable Cajal bodies (Young et al., 2001) . Thus, they are likely to form in response to particular physiological conditions. In yeast, growth on liquid or solid media results in strikingly different conditions (Sherman, 1991) . For instance, solid media provide high levels of oxygen, rapid removal of CO 2 but poor access to soluble sources of amino acids, nitrogen and sugar. In contrast, liquid media provide high levels of solute, but low oxygen pressure and poor CO 2 removal. This may result in different physiological states with speci®c requirements in snRNA and snoRNA metabolism, which eventually promote or inhibit formation of the nucleolar body. In any case, it is clear that the yeast nucleolus contains activities devoted to small RNP biogenesis, and that under certain conditions these activities can separate from those involved in rRNA production to give rise to a distinct domain. In higher eukaryotes, these activities may have become physically separated from nucleoli to form Cajal bodies. This may explain the close relationships between the two compartments (Ramo Ân y Cajal, 1903; Bohmann et al., 1995) , and the fact that in some cell lines Cajal bodies are found within nucleoli .
Assembly and maturation of U3 in speci®c nuclear structures In yeast, we observed that early, intron-containing precursors in the U3 maturation pathway were restricted to the nucleoplasm. In contrast, the later 3¢-extended intermediates (U3-I and U3-II) were present in the nucleolus (see Figure 2) . These results were obtained using both a U3 mutant that accumulated these 3¢-extended intermediates (U3del) and an overexpressed wild-type U3 gene. U3del precursors were not bound by Nop58p, con®rming that this mutant follows a maturation pathway similar if not identical to that of wild-type U3. Importantly, U3-I and U3-II are not only devoid of the core snoRNP proteins Nop1p, Nop56p and Nop58p, but also have an m 7 G cap (Kufel et al., 2000) . Since the enzyme responsible for cap hypermethylation is localized in the nucleolus and requires prior binding of Nop58p and/or Nop56p (Mouaikel et al., 2002) , our results collectively suggest that assembly with the core box C/D snoRNP proteins, ®nal 3¢ end trimming and cap hypermethylation are all occurring in the nucleolus. Interestingly, when cells were grown on solid media, both Tgs1 and U3del precursors accumulated in the nucleolar body, suggesting that in this case U3 is matured in this subnucleolar compartment.
Other RNAs like tRNAs or SRP RNA are also thought to be matured in the nucleolus Politz et al., 2000; Grosshans et al., 2001) . Interestingly, in Archaea, some RNA precursors generate both snoRNA and either rRNA or tRNA (Ome et al., 2000; d'Orval et al., 2001; Tang et al., 2002) . Thus, rRNA, tRNA and snoRNA processing were physically connected in ancient organisms, and this spatial link may have been conserved during the evolution of the nucleolus, allowing distinct classes of RNA to be processed in the same compartment and use common processing factors.
In vertebrates, U3 maturation also involves the transient production of 3¢-extended intermediates. These precursors have an m 7 G cap and are not assembled with the snoRNP proteins ®brillarin and hNop58 (see Figure 3) , indicating that U3 follows a very similar maturation pathway in yeast and mammals. Whereas we could not determine whether hNop56 is actually bound to U3 precursors, this is unlikely since in yeast Nop56p binds snoRNAs only following Nop1p . Most importantly, we show that these precursors are targeted to Cajal bodies. Mature U3, all core box C/D proteins and a U3 maturation enzyme, the human homolog of Tgs1p, were also detected in Cajal bodies. Furthermore, hTgs1p is likely to bind the snoRNA only following its assembly with hNop56 and hNop58, supporting the idea that not only the precursors but also the fully assembled snoRNPs are present in Cajal bodies. Taken together, these data strongly support the view that ®nal 3¢ end trimming, cap hypermethylation and snoRNP assembly all occur in Cajal bodies. The observation that U3 and other box C/D genes often cluster next to Cajal bodies would be consistent with this possibility (Gao et al., 1997) , as this would facilitate transport of snoRNA precursors from the site of transcription to the site of snoRNP assembly. It is unclear at present if U3 snoRNP maturation in Cajal bodies is an obligatory event, or if it merely represents the preferred and most frequent situation. That some cells lack Cajal bodies would argue for the latter possibility, although it is also possible that the Cajal bodies in these cells are simply too small to be detected.
Thus, it appears that in both yeast and mammals the same critical steps of U3 biogenesis are organized spatially, and occur in speci®c and related nuclear compartments, the nucleolus/nucleolar body and Cajal bodies, respectively ( Figure 6 ). One obvious reason that might favor a spatial con®nement of RNA maturation is to increase considerably the rates of the reactions by concentrating substrates and enzymes. We observed such a precise localization for Tgs1p in yeast and mammals. Another example could be the SMN complex, which localizes in Cajal bodies and was shown recently to bind unassembled ®brillarin (Jones et al., 2001; Pellizzoni et al., 2001) , thus possibly facilitating its incorporation into the snoRNP. Likewise, Tgs1p binds free Nop58p and probably free Nop56p (Mouaikel et al., 2002) , and could thus provide an anchor to concentrate these proteins in Cajal bodies.
Intranuclear RNA transporters
In yeast, the 3¢-extended U3 precursors are stabilized by Lhp1 (the yeast La protein). Being the only protein currently known to be associated with these precursors (Kufel et al., 2000) , Lhp1 could play a role in targeting U3 to the nucleolus and the nucleolar body. Interestingly, a number of other RNA precursors bound by Lhp1 are found at least transiently in the nucleolus, including pre-tRNA, pre-U1 and pre-U6 snRNA Ganot et al., 1999; Xue et al., 2000; Mouaikel et al., 2002) . From this, it would be expected that Lhp1p encodes an essential function. This is, however, not the case (Yoo and Wolin, 1994) , but a functional redundancy with the nuclear Lsm complex, which binds similar sequences, is possible (Pannone et al., 2001) . While identi®cation of the molecules that transport U3 precursors will require additional studies, it is already clear that they are distinct from those involved in the localization of the mature molecules. Indeed, the precursors are not assembled with the complete set of core snoRNP proteins, which we showed previously to be required for the nucleolar localization of the mature snoRNP .
A function for Cajal bodies in the biogenesis of small RNPs Since the discovery that snRNAs and their associated proteins concentrate in Cajal bodies, these nuclear compartments have attracted much attention, but no particular functions have yet been assigned to them. In this work, our ®ndings indicate that speci®c and important steps of U3 biogenesis are likely to occur in Cajal bodies. This is consistent with the recent proposal that snoRNA-mediated modi®cation of snRNAs bases is also occurring there (Darzacq et al., 2002) , and collectively supports the view that Cajal bodies are devoted to the biogenesis of small RNPs, similar to the role of the nucleolus for ribosome assembly.
Materials and methods

Cell culture
HeLa and 293T cells were grown at 37°C in 5% CO 2 , and in Dulbecco's modi®ed Eagle's medium (DMEM) containing 10% fetal calf serum (FCS). Cells were transfected by the calcium phosphate co-precipitation procedure as described previously . The precipitate was left overnight on the cells, removed by resolubilizing it in an isotonic solution without calcium and phosphate, and cells were then split. For in situ hybridization and immuno¯uorescence, cells were plated on gelatin-coated glass coverslips.
Strains
The Saccharomyces cerevisiae strains used in this study are derived from W303, except the RRP6 deletion strain that was in a BMA38 background (TRP1::RRP6), the ZZ-Nop58 strain (Lafontaine and Tollervey, 1999) and the tgs1::KAN/TGS1 strain (Mouaikel et al., 2002) . When needed, plasmids were introduced into these strains by the PEG±lithium procedure, and transformants were selected on appropriate drop-out media. For imaging or biochemical analyses, cells were grown at 30°C in drop-out minimal media containing 2% glucose.
Plasmids DNA manipulation was performed by standard techniques, and with the GatewayÔ system (Invitrogen). Fibrillarin±GFP was described previously . The 15.5 kDa±GFP and hNop58±GFP constructs were generated by ®rst amplifying their cDNA by PCR, and then fusing it to the C-terminus of eGFP, downstream of the mouse ribosomal L30 promoter. The yeast U3del plasmid was described previously , and the rat U3B.7 gene was cloned following PCR ampli®cation. To place the GFP±Tgs1 fusion under its own Tgs1 promoter, an 180 bp 5¢-untranslated region of TGS1 was PCR-ampli®ed using oligonucleotides containing SacI and EcoRI sites. The SacI±EcoRI fragment containing the promoter and the EcoRI±HindIII fragment containing the GFP±Tgs1 DNA were cloned into the pGFP-Nfus vector previously cut with SacI and HindIII. The obtained plasmid was named pTgs1-GFP.
In situ hybridization and immuno¯uorescence
In situ hybridization of yeast cells and mammalian cells was performed as described previously , with Cy3-or Cy5-conjugated oligonucleotide probes. Brie¯y, mammalian cells were ®xed for 30 min with 4% paraformaldehyde in phosphate-buffered saline (PBS; 100 mM Na 2 HPO 4 , 20 mM KH 2 PO 4 , 137 mM NaCl, 27 mM KCl pH 7.4) and permeabilized overnight in 70% ethanol. After rehydration in 2Q SSC (300 mM NaCl, 30 mM sodium citrate pH 7.0), yeast and mammalian cells were hybridized overnight at 37°C in 40 ml of a mixture U3 maturation in Cajal bodies and yeast nucleoli containing 10% dextran sulfate, 2 mM vanadyl-ribonucleoside complex, 0.02% RNase-free bovine serum albumin (BSA), 40 mg of E.coli tRNA, 2Q SSC, 10% formamide and 30 ng of probe. Cells were washed twice for 30 min in 1Q SSC, 10% formamide, and at 37°C. The probes used were the following: yeast U3 intron: AT*GTTTTCAAATCCT*GGT-TTTTTGTGGGT*AAAATGTTTGGGT*A; yeast U3-3¢-extended precursors: AT*GGAAAAAAGTGGTT*AACTTGTCAGACT*A; yeast U3-mature: TT*CTATAGAAATGATCCT*ATGAAGTACGTCGACT*A; mature rU3B.7: TT*GCACAGAAGCAGCACCT*AGAGCCGGCTTCA-CGCTT*T; rU3B.7 3¢-extended precursors: TT*CATAAAGGTTAGAC-CGAAGT*CCACTCAGACTGT*T; plasmid: T*CCTCGCTCACT*-GACTCGCTGCGCT*CGGTCGTTCGGCT*GCGGCGAGCGGT*T. T* denotes the modi®ed bases.
Immuno¯uorescence was performed either following in situ hybridization, or directly with cells ®xed in paraformaldehyde and permeabilized in acetone (3 min at ±20°C). Anti-coilin and anti-hTGS1 rabbit polyclonal antibodies were diluted 1/400, and ®brillarin mouse monoclonal antibody 1/10 (antibody 72B9; Reimer et al., 1987) . Incubations were for 1 h at 37°C in PBS containing 1% BSA, and then slides were washed three times for 10 min in PBS. Secondary antibodies were diluted 1/400 and utilized in the same conditions. Anti-hTgs1 antibodies were raised by Eurogentech against peptides NH 2 -CAYFGDLIRRPASET and NH 2 -CRFDDGIKLDREGWFS, and sequentially immunopuri®ed against each peptide. Two rabbits were immunized and their sera gave identical results. Image acquisition and deconvolution were carried out as described previously ).
Co-immunoprecipitations
For yeast cells, we followed the procedure described in Lafontaine and Tollervey (1999) . For mammalian cells, experiments were done as described in Jady and Kiss (2001) . Brie¯y, transfected cells were resuspended in extraction buffer (1±3 Q 10 6 cells for 0.5 ml), and sonicated three times for 3 s. Extracts were centrifuged further for 10 min at 10 000 r.p.m. and pre-cleared for 30 min with protein A±Sepharose beads (CL-4B, Sigma Aldrich). For each immunoprecipitation assay, 5 mg of hydrated beads were incubated for 2 h in 400 ml of extraction buffer with either 4 mg of GFP antibody (Roche Diagnostic) or 4 ml of 9E10 antimyc antibody (mouse ascites¯uid, Sigma). The beads coupled to the antibodies were then incubated with 400 ml of extract for 2 h at 4°C, and washed six times with 1 ml of extraction buffer. Bound RNAs were puri®ed by proteinase K±SDS treatment, phenol extraction and precipitation with isopropanol. RNAs were then analyzed by RNase protection assays (RPA) with a probe covering nucleotides +98 to +236 of rU3B.7 (+1 is ®rst nucleotide of mature U3) with the RPAIII kit (Ambion).
Extraction buffers were NET1 for ®brillarin [50 mM Tris±HCl pH 7.4, 0.1% NP-40, 0.5 mM phenylmethylsulfonyl¯uoride (PMSF), 150 mM NaCl], NET2 for the 15.5 kDa protein (identical to NET1 except that it contained 250 mM NaCl) and NET3 for hNop58 [20 mM Tris±HCl pH 8, 5 mM MgCl 2 , 300 mM potassium acetate, 1 mM dithiothreitol, 0.2% Triton X-100, 0.1% NP-40, 0.5 mM PMSF].
The cap structure of U3 was analyzed by incubating 20 mg of puri®ed RNA with H20 or K121 antibody immobilized on protein A±Sepharose beads. The beads (5 mg) were incubated with 10 ml of antibody in 400 ml of buffer NET1 for 2 h at 4°C. After washing, the bound RNAs were analyzed by RPA as described above.
